Introduction {#Sec1}
============

Advanced glycation end products (AGEs) are formed via the nonenzymatic glycation of proteins or lipids and accumulate on long-lived proteins in tissues \[[@CR1]\]. The accelerated formation and accumulation of AGEs occurs during normal aging processes, chronic hyperglycemia, chronic renal failure, and cardiovascular disease (CVD) \[[@CR2]--[@CR5]\]. In diabetes, early intensive glycemic control is an established strategy for preventing long-term diabetic complications in both type 1 diabetes (T1D) and type 2 diabetes (T2D) \[[@CR6], [@CR7]\]. The Diabetes Control and Complications Trial/Epidemiology and Diabetes Intervention and Complications (DCCT/EDIC) study \[[@CR8], [@CR9]\] demonstrated that the participants in an intensive therapy group during the DCCT continued to have a lower incidence of complications than a conventional therapy group did despite the fact that the two groups showed comparable glycemic control during the EDIC follow-up. This phenomenon was termed "metabolic memory" \[[@CR8]\]. Furthermore, the DCCT Skin Collagen Ancillary Study showed that long-term intensive treatment resulted in lower levels of AGEs in skin biopsy, and that these skin collagen AGEs predicted the risk of developing microvascular disease and the risk of 10-year progression of microvascular disease, independent of HbA1c. Therefore, it is suggested that the accumulation of AGEs in tissue is a key factor in the pathogenesis of diabetic complications \[[@CR10]\], which could provide a mechanism for metabolic memory \[[@CR11], [@CR12]\].

Invasive skin biopsy methods are not applicable for measuring tissue AGEs in routine clinical practice. Since several AGEs have a characteristic fluorescence \[[@CR13]\], a new noninvasive device, a skin autofluorescence (AF) reader or AGE reader, has been developed to quantify skin AF, which has been shown to correlate with the accumulation of skin AGEs as assessed by skin biopsy \[[@CR14]\]. Skin AF is elevated in diabetes \[[@CR13]\] and end-stage renal disease \[[@CR15]\], and is associated with diabetic microvascular complications \[[@CR16], [@CR17]\] and cardiovascular mortality \[[@CR18], [@CR19]\]. Although most studies of skin AF have been performed in Caucasian subjects, there are a few that focus on Japanese subjects with T1D \[[@CR20], [@CR21]\]. It is also reported that skin AF values appear to depend on ethnicity \[[@CR22]\]. However, studies of skin AF in Japanese patients with T2D are scarce. The aim of the current study was therefore to evaluate the relationships between skin AF, diabetic microvascular complications, and carotid intima--media thickness (IMT)---which is a useful marker of the presence and progression of atherosclerosis \[[@CR23], [@CR24]\] and an excellent predictor of future cardiovascular events \[[@CR25], [@CR26]\]---in Japanese subjects with T2D.

Methods {#Sec2}
=======

Subjects {#Sec3}
--------

A cross-sectional study of 166 patients with T2D attending the outpatient diabetes clinic was performed during the period from October 2016 to May 2017. The inclusion criteria were age at diagnosis of T2D ≥ 30 years and known duration of diabetes ≥ 3 years. Patients were excluded if they had anemia (hemoglobin \< 10 g/dl), were pregnant, were receiving steroid therapy, or were extremely sunburnt. Of the 166 subjects with T2D who were enrolled, 162 subjects were eventually analyzed: three subjects who had kidney failure (estimated glomerular filtration rate (eGFR) \< 30 ml/min/1.73^2^) and one subject who received dialysis therapy were excluded from the analysis because of the consequent very small sample size. Forty-two nondiabetic subjects were also enrolled. Clinical assessments included a medical interview, a physical examination, and laboratory tests. Smoking habit was classified as either current smoker or not.

HbA1c was measured using high-performance liquid chromatography (ARKRAY, Kyoto, Japan). Serum creatinine, total cholesterol, low-density cholesterol (LDL-C), high-density cholesterol (HDL-C), and triglyceride (TG) were measured by SRL Inc. (Tokyo, Japan). Plasma pentosidine concentrations were also measured by SRL Inc. using an enzyme-linked immunosorbent assay (ELISA). Urine albumin levels sampled from random voided urines were measured by immunoturbidimetric assay and expressed as the urinary albumin-to-creatinine ratio (UACR). Based on the Classification of Diabetic Nephropathy 2014 in Japan \[[@CR27]\], nephropathy was classified into five stages based on the urinary albumin-to-creatinine ratio (UACR) as follows: (1) pre-nephropathy (stage 1) (UACR \< 30 mg/g Cr); (2) incipient nephropathy (stage 2) (30 ≤ UACR \< 300 mg/g Cr); (3) overt nephropathy (stage 3) (UACR ≥ 300 mg/g Cr); (4) kidney failure (stage 4) (eGFR \< 30 ml/min/1.73^2^); and (5) dialysis therapy (stage 5), although patients at stage 4 and 5 were excluded from this study. Diabetic retinopathy (DR) was diagnosed by independent ophthalmologists according to a position statement by the American Diabetes Association \[[@CR28]\]. DR was classified into mild, moderate, and severe nonproliferative retinopathy (NPDR), and proliferative retinopathy (PDR) was classified according to disease severity level. Patients without any abnormalities were denoted non-DR (NDR). Diabetic peripheral neuropathy (DPN) was diagnosed according to the recent minimal criteria for typical DPN \[[@CR29]\], which classifies cases into possible, probable, confirmed, and subclinical diabetic sensorimotor polyneuropathy (DSPN). In the current study, DPN was diagnosed in subjects with probable DSPN. DPN was considered to occur if two or more of the following neuropathic symptoms were observed: decreased sensation, positive neuropathic sensory symptoms, symmetric decreased distal sensation, and unequivocally decreased or absent ankle reflexes. This is because nerve conduction (NC) testing and autonomic nerve testing were not performed.

Measurements of Skin AF and Carotid IMT {#Sec4}
---------------------------------------

Skin AF was measured using an AGE Reader™ (DiagnOptics Technologies BV, Groningen, Netherlands), a fully automated noninvasive device that uses the characteristic fluorescence properties of certain AGEs to estimate the level of AGE accumulation in the skin. Technical and optical details for this device have been provided extensively elsewhere \[[@CR14]\]. In brief, the AGE Reader illuminated a 1 cm^2^ area of the skin using an excitation light source with a peak excitation of 370 nm. The skin AF was determined from the ratio between the emission fluorescence in the wavelength range between 420 and 600 nm and the reflected excitation light with a wavelength of between 300 and 420 nm, which was measured using a spectrometer and software. Skin AF measurements were performed on the ventral side of the forearm in the sitting position at room temperature. A series of three consecutive measurements were carried out at three different skin sites on the same forearm, taking less than a minute of time. The mean skin AF was calculated from these three consecutive measurements and used in the analyses. The method had an intrapatient coefficient of variation of 5% \[[@CR14]\].

Carotid IMT was evaluated by an experienced physician using B-mode ultrasonography with a 7.5 MHz transducer according to the guidelines of the Japan Society of Ultrasonics \[[@CR30]\]. In short, common carotid arteries, carotid bulbs, internal carotid arteries, and external carotid arteries were scanned bilaterally in longitudinal sections. The carotid IMT was measured as the distance from the leading edge of the first echogenic line to the leading edge of the second echogenic line. The highest IMT value was defined as the max-IMT and used in this study.

Statistical Analysis {#Sec5}
--------------------

All values are presented as the mean ± SD or the number (in parentheses) for categorical variables. A one-way ANOVA, followed by a Tukey's post hoc or a two-tailed Student's *t* test, was performed to compare mean variables between subgroups of microvascular complications. The relationships between continuous variables were examined with Pearson's linear correlation test. A stepwise multivariate regression analysis was performed to evaluate independent variables that were significantly associated with an objective variable. For categorical variables, logistic regression analysis was used to derive the odds ratio (OR) and 95% confidence intervals (CI). A *p* value \< 0.05 was considered to indicate statistical significance. All analyses were performed using JMP^®^12.2 (SAS Institute Inc., Cary, NC, USA).

Compliance with Ethics Guidelines {#Sec6}
---------------------------------

All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1964, as revised in 2013. Informed consent was obtained from all participants before they were included in the study. The trial was not registered since it was performed in one clinic.

Results {#Sec7}
=======

The characteristics of the study subjects are shown in Table [1](#Tab1){ref-type="table"}. Between the nondiabetic and diabetic subjects, there were significant differences in age (53.8 ± 13 vs 61.2 ± 11.2 years), BMI (22.6 ± 4.0 vs 24.9 ± 4.0 kg/m^2^), systolic blood pressure (122 ± 11 vs 132 ± 11 mg), HbA1c (5.4 ± 0.3 vs 7.2 ± 0.8%), LDL-C (124.7 ± 34.9 vs 104.2 ± 27.2 mg/dl), eGFR (76.5 ± 15.7 vs 69.7 ± 18.7 ml/min/1.73^2^), UACR (19.9 ± 10.3 vs 44.9 ± 60.4 mg/g Cr), serum pentosidine levels (0.038 ± 0.012 vs 0.046 ± 0.019 μg/ml) and max-IMT (1.10 ± 0.23 vs 1.64 ± 0.73 mm). Skin AF values were significantly higher in subjects with T2D (2.53 ± 0.45 AU) than in nondiabetic subjects (2.19 ± 0.34 AU, *p* \< 0.001), Although diabetic and nondiabetic subjects were not matched for age, Nomoto et al. reported that there was no significant difference in skin AF between two healthy Japanese populations aged 50--60 years and 60--70 years, respectively \[[@CR31]\]. Univariate regression analysis showed which of the factors affected skin AF values in patients with T2D. Skin AF was significantly correlated with age (*r* = 0.325, *p* = 0.007), duration of diabetes (*r* = 0.360, *p* = 0.0002), HbA1c (*r* = 0.203, *p* = 0.0038), serum pentosidine concentration (*r* = 0.324, *p* = 0.007), and eGFR (*r* = − 0.336, *p* = 0.0005). A multivariate stepwise regression analysis using variables that were significantly correlated with skin AF in the univariate analysis revealed that duration of diabetes (*β* = 0.35, *p* \< 0.0001), HbA1c (*β* = 0.22, *p* = 0.006), serum pentosidine concentration (*β* = 034, *p* \< 0.0001), and eGFR (*β* = − 0.33, *p* \< 0.0001) were independent determinants of skin AF. Regarding associations between skin AF and diabetic microvascular complications, skin AF was significantly higher in patients with diabetic peripheral neuropathy (DPN) than in those without it (2.80 ± 0.48 vs 2.39 ± 0.37, respectively, *p* \< 0.001) (Fig. [1](#Fig1){ref-type="fig"}a). A multiple logistic regression analysis showed that duration of diabetes (OR 1.09, 95% CI 1.03--1.17, *p* = 0.006), LDL-C (OR 0.97, 95% CI 0.95--0.99, *p* = 0.017), and skin AF (OR 8.49, 95% CI 2.04--44.3, *p* = 0.006) were still independent determinants of the presence of DPN after correcting for confounding risk factors (Table [2](#Tab2){ref-type="table"}). Concerning retinopathy, skin AF significantly increased with severity of retinopathy (NDR 2.42 ± 0.45, mild and moderate NPDR 2.64 ± 0.42, severe NPDR and PDR 2.85 ± 0.35, *p* \< 0.001) (Fig. [1](#Fig1){ref-type="fig"}b), and a multiple logistic regression analysis demonstrated that skin AF (OR 3.73, 95% CI 1.20--12.90, *p* = 0.028) was an independent determinant of the presence of diabetic retinopathy after correcting for risk variables (Table [2](#Tab2){ref-type="table"}). With regard to nephropathy, skin AF in patients with incipient nephropathy (stage 2) (2.62 ± 0.45 AU) but not overt nephropathy (stage 3) (2.59 ± 0.46 AU) was significant higher than that in pre-nephropathy (stage 1) patients (2.42 ± 0.42 AU) (Fig. [1](#Fig1){ref-type="fig"}c). However, skin AF was no longer an independent factor for diabetic nephropathy according to multiple logistic regression analysis (Table [2](#Tab2){ref-type="table"}).Table 1Clinical characteristics of the study subjectsDiabetic subjectsNondiabetic subjects*pN* (male/female)162 (89/73)42 (20/22)0.173Age (years)61.2 ± 11.253.8 ± 13.00.0003Smoking *n* (%)44 (27.2)11 (26.2)0.534BMI (kg/m^2^)24.9 ± 4.022.6 ± 4.00.001Duration of diabetes (years)14.6 ± 10.0----Systolic blood pressure (mmHg)132 ± 11122 ± 11\< 0.010Diastolic blood pressure (mmHg)81 ± 981 ± 110.855HbA1c (%)7.2 ± 0.85.4 ± 0.3\< 0.001Triglyceride (mg/dl)117.6 ± 56.5127.0 ± 66.10.364HDL-C (mg/dl)63.1 ± 18.867.6 ± 15.50.169LDL-C (mg/dl)104.2 ± 27.2124.7 ± 34.90.0001eGFR (ml/min/1.73 m^2^)69.7 ± 18.776.5 ± 15.70.039UACR (mg/g Cr)44.9 ± 60.419.9 ± 10.30.008Pentosidine (μg/ml)0.046 ± 0.0190.038 ± 0.0120.027Skin AF (AU)2.53 ± 0.452.19 ± 0.34\< 0.001Max-IMT (mm)1.64 ± 0.731.10 ± 0.23\< 0.001Neuropathy (none/present)106/56----Retinopathy (NDR/mild and moderate NPDR/severe NPDR and PDR)104/32/26----Nephropathy (stage 1/2/3)90/54/18----Data are presented as the mean ± SD*HbA1c* glycated hemoglobin A1c, *HDL-C* high-density lipoprotein cholesterol, *LDL-C* low-density lipoprotein cholesterol, *eGFR* estimated glomerular filtration rate, *UACR* urinary albumin to creatinine ratio, *AF* autofluorescence, *Max-IMT* maximum intima--media thickness in the carotid artery, *NDR* nondiabetic retinopathy, *NPDR* nonproliferative retinopathy, *PDR* proliferative retinopathy Fig. 1a--cSkin AF levels in the presence of or during the development of neuropathy (**a**), retinopathy (**b**), and nephropathy (**c**) in subjects with T2D. Data are displayed as the mean ± SD. *NS* not significant, *AF* autofluorescence, *NDR* nondiabetic retinopathy, *NPDR* nonproliferative retinopathy, *PDR* proliferative retinopathy Table 2Variables related to the presence of diabetic neuropathy, retinopathy, and nephropathy in subjects with T2D according to multivariate logistic regression analysisVariablesNeuropathyRetinopathyNephropathyOR (95% CI)*p*OR (95% CI)*p*OR (95% CI)*p*Age1.05 (0.98--1.13)0.1360.97 (0.92--1.02)0.1921.00 (0.85--1.21)0.983Diabetes duration**1.09 (1.03**--**1.17)0.006**1.03 (0.98--1.08)0.2200.89 (0.72--1.05)0.231Smoking1.58 (0.48--5.71)0.4780.75 (0.28--2.35)0.75111.7 (0.83--611.7)0.127BMI1.00 (0.86--1.17)0.9360.95 (0.82--1.08)0.4240.99 (0.72--1.39)0.982SBP0.96 (0.91--1.01)0.1281.01 (0.97--1.06)0.6091.08 (0.97--1.25)0.195HbA1c2.08 (0.99--4.59)0.0571.31 (0.72--2.41)0.3711.39 (0.30--7.27)0.667LDL-C**0.97 (0.95**--**0.99)0.017**0.99 (0.97--1.01)0.2650.97 (0.92--1.01)0.159HDL-C0.99 (0.95--1.03)0.6141.00 (0.97--1.03)0.8700.96 (0.87--1.04)0.317Triglyceride1.00 (0.99--1.01)0.8251.04 (0.99--1.01)0.4391.02 (0.99--1.06)0.290eGFR0.98 (0.94--1.02)0.2501.01 (0.98--1.04)0.4731.04 (0.86--1.03)0.238UACR0.98 (1.01--1.01)0.7501.00 (0.99--1.01)0.769**1.23 (1.12**--**1.46)0.001**Pentosidine0.98 (0.94--1.02)0.2691.02 (0.99--1.05)0.1081.09 (0.99--1.23)0.118Skin AF**8.49 (2.04**--**44.3)0.0063.73 (1.20**--**12.9)0.028**3.52 (0.18--15.8)0.450Bold values indicate *p*\<0.05*BMI* body mass index, *SBP* systolic blood pressure, *HbA1c* glycated hemoglobin A1c, *LDL-C* low-density lipoprotein cholesterol, *HDL-C* high-density lipoprotein cholesterol, *eGFR* estimated glomerular filtration rate, *UACR* urinary albumin to creatinine ratio, *AF* autofluorescence

Furthermore, the associations between carotid max-IMT and clinical variables such as skin AF were evaluated. Table [3](#Tab3){ref-type="table"} shows that the results of a multivariate stepwise regression analysis indicate that skin AF (*β* = 0.170, *p* = 0.029) and age (*β* = 0.436, *p* \< 0.0001) were independent determinants of max-IMT after adjusting for eGFR, another risk factor.Table 3Relative risk factors for max-IMT in subjects with T2DUnivariateMultivariate*rpβp*Age0.471**\<** **0.0001**0.436**\<** **0.0001**Diabetes duration0.1000.264Smoking0.0700.435BMI− 0.1170.191SBP0.1670.062HbA1c− 0.0420.642LDL-C− 0.0820.360HDL-C− 0.0410.646Triglyceride− 0.0700.439eGFR− 0.225**0.011**0.0420.618UACR0.0790.378Pentosidine0.0900.318Skin AF0.284**0.001**0.170**0.029***R* ^2^0.242Bold values indicate *p*\<0.05*BMI* body mass index, *SBP* systolic blood pressure, *HbA1c* glycated hemoglobin A1c, *LDL-C* low-density lipoprotein cholesterol, *HDL-C* high-density lipoprotein cholesterol, *eGFR* estimated glomerular filtration rate, *UACR* urinary albumin to creatinine ratio, *AF* autofluorescence, *β* partial regression coefficient

Discussion {#Sec8}
==========

The present study demonstrated that skin AF was higher in patients with T2DM than in non-DM subjects. Skin AF was associated with age, HbA1c, serum pentosidine concentration, and eGFR according to a multivariate stepwise regression analysis, as reported previously \[[@CR14], [@CR15], [@CR17]\]. Since pathologic changes in diabetic complications occur gradually over a long period, tissue AGEs that accumulate on long-lived proteins in tissues have been implicated in the pathology of diabetic complications, while short-lived glycated proteins such as HbA1c or glycated albumin are not necessarily the best predictors of these complications. The DCCT/EDIC study clearly demonstrated that the intensive glycemic control maintained during the DCCT period continued to have a beneficial effect on diabetic complications during the EDIC follow-on study even though glycemic control worsened during the EDIC period \[[@CR8], [@CR9]\]. Previously high HbA1c levels may result in the formation of AGEs such as furosine, pentosidine, and carboxymethyl-lysine (CML), which could explain a subsequent enhanced risk of diabetic microvascular complications even when HbA1c levels are currently well controlled \[[@CR9], [@CR11]\].

This study found that skin AF increased with the severity of diabetic microvascular complications, and was an independent determinant of retinopathy and neuropathy. Although serum pentosidine, a well-known fluorescent AGE, was significantly correlated with skin AF, levels of this AGE did not correlate with diabetic microvascular complications after adjusting for known risk factors (e.g., age, duration of DM, HbA1c). Circulating AGE levels do not necessarily reflect AGE levels in tissues because tissue AGEs have a slower turnover than serum AGEs \[[@CR32]\]. Most studies of skin AF have been performed in Caucasian subjects with T1D and T2D \[[@CR16]--[@CR18]\], although a few reports have focused on Japanese subjects with T1D \[[@CR20], [@CR21]\], but studies of skin AF in Japanese patients with T2D are scarce. In cases of diabetic nephropathy, albuminuria is an early symptom that increases in severity from pre-nephropathy to incipient nephropathy to overt nephropathy. Skin AF was higher in subjects with incipient nephropathy but not overt nephropathy compared to pre-nephropathy subjects, and was significantly associated with eGFR according to the univariate analysis. These findings are similar to those reported previously for diabetic patients \[[@CR14], [@CR16], [@CR18]\]. However, the multiple regression analysis revealed that skin AF was not an independent determinant of nephropathy, even though skin AF has been reported to be an independent determinant of the presence and progression of nephropathy as assessed by chronic kidney disease (CKD) stage \[[@CR15]\]. Because the nephropathy stage classification was performed based on the UACR according to the Classification of Diabetic Nephropathy 2014 in Japan \[[@CR27]\] in the current study, the study population included heterogeneous subjects with eGFR ≥ 30 ml/min/1.73^2^. In addition, subjects with kidney failure and those who were on dialysis therapy were excluded from the analysis because of the very small sample size involved (*n* = 4). These could explain the differences between the results of the eGFR-based classification performed in the previous study \[[@CR15]\] and the results of the albuminuria-based classification performed in the current study.

Carotid IMT is a useful surrogate marker for the presence and progression of atherosclerosis \[[@CR23], [@CR24]\], and it is an excellent predictor of future cardiovascular events \[[@CR25], [@CR26]\], while skin AF has been demonstrated to be associated with cardiovascular disease \[[@CR33], [@CR34]\]. The present study found an association between skin AF and carotid IMT, although only max-IMT was evaluated in this study because max-IMT is a better indicator of atherosclerosis in patients with T2D \[[@CR35]\]. Among the various studies of the association between skin AF and carotid IMT that have been published, there has been one on Japanese subjects with T1D \[[@CR21]\] but very few on Japanese subjects with T2D, for whom skin AF values appear to be significantly different from those observed in corresponding Caucasian populations \[[@CR22]\].

This study has some limitations. First, because the sample size is small and because it is a cross-sectional study without any longitudinal assessment, the results do not necessarily indicate a causal relationship between skin AF and diabetic complications. Second, regarding diabetic neuropathy, autonomic neuropathy was not assessed by specific tests. Also, this study may not reflect subjects with kidney failure because such cases were excluded from the analysis due to their scarcity. Third, nonfluorescent skin AGEs such as CML cannot be measured using the AGE Reader. Nonetheless, levels of nonfluorescent skin AGEs were reported to be significantly associated with skin AF \[[@CR13]\]. Therefore, a further large prospective study is needed to validate the findings of the current study.

Conclusions {#Sec9}
===========

The current study demonstrates that skin AF is elevated in subjects with T2D in comparison with nondiabetic subjects, and is associated with diabetic microvascular complications and carotid max-IMT. Therefore, skin AF, as measured using an AGE Reader, is an easy and noninvasive surrogate marker for evaluating diabetic microvascular complications and early-stage atherosclerosis.
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